NaTure IMMuNology of crucial importance in the field 1, 20 . Our study sheds light on how the specialized macrophage pool residing in the meninges can be fundamentally altered by an inflammatory challenge.
M acrophages are present in all tissues and participate in a plethora of homeostatic functions, including iron metabolism in the liver, surfactant production in the lung and synapse pruning in the CNS parenchyma 1, 2 . Recent studies have considerably advanced the field of macrophage biology by showing that most tissue-resident macrophages have an embryonic origin and receive varying degrees of input from the periphery after birth 3, 4 . As long-lived tissue residents, macrophages play a critical role in microbial detection and eradication 1, 2 and contribute to tissue repair following damage by cleaning up debris, shaping the microenvironment and providing trophic support 5 . Indeed, macrophages are incredibly plastic cells that can transform to deal with diverse tissue challenges-both physiological and pathophysiological.
The CNS consists of the brain and spinal cord that transmit information throughout the body via peripheral nerves 6 . The CNS parenchyma contains highly specialized cells including neurons, astrocytes, oligodendrocytes and microglia that are critical for organismal function 7 and are thus housed behind the blood-brain barrier-a structure that regulates metabolic and cellular exchange with the periphery 8 . In addition to the blood-brain barrier, the CNS is covered by an assembly of overlapping protective layers referred to as the meninges 9, 10 . The outermost layer (dura mater) lies just beneath the skull bone, is highly innervated and contains fenestrated vessels lacking tight junctions 9, 10 . Beneath the dura resides the arachnoid mater, which has tight junctions and serves as an important CNS barrier. The inner layer of the meninges is referred to as the pia mater and lies atop the glial limitans. Together, these cellular layers surrounding the CNS parenchyma can support a considerable amount of immune traffic and are inhabited by specialized tissue-resident macrophages.
The CNS was once considered an immune-privileged site devoid of immune cells, other than microglia, and without a classical lymphatic drainage system 11 . However, it is now generally accepted that the CNS is immunologically specialized and does support immune activity, albeit in a highly regulated manner [12] [13] [14] . Most immune responses first develop outside the parenchyma in CNS barrier structures such as the perivascular spaces, choroid plexus and meninges 12 . Despite the importance of the meninges to CNS immunity 9, 10 , little is known about the immune cell populations that inhabit this compartment under steady state and inflammatory conditions. The dura mater, for example, is inhabited by specialized tissue-resident macrophages that constantly monitor their environment, similar to parenchymal microglia [15] [16] [17] . These macrophages are strategically located at the surface of the CNS alongside fenestrated blood vessels and thus have the potential to influence the underlying parenchyma during states of inflammation 10, 12, 18 . It is therefore important to understand how these cells are maintained and regulated.
Using lineage-tracing methods and macrophage markers (for example, CX3CR1), it was recently discovered that, with the exception of myeloid cells in the choroid plexus, macrophages residing in CNS barrier structures are derived from yolk sac erythromyeloid precursors and are not replaced by blood monocytes during adulthood 4, 16, 19 . Monocytes do, however, contribute to the pool of choroid plexus macrophages over time. While these studies provide important insights into the homeostasis of CNS barrier macrophages, little is known about the origin, dynamics and function of these macrophages during and after an inflammatory challenge. The meninges harbor one of the most abundant populations of barrier macrophages. Here, we comprehensively explored the dynamics of these cells before, during and after an inflammatory viral challenge. We utilized genomic, intravital imaging and cell tracking approaches in combination with novel assessments of macrophage function to define how infection reshapes the myeloid cell landscape within the meninges. Determining the influence of cellular ontogeny and tissue microenvironment on resident macrophage functions is an area Infection drives meningeal engraftment by inflammatory monocytes that impairs CNS immunity Rejane Rua, Jane Y. Lee, Alexander B. Silva, Isabella S. Swafford, Dragan Maric, Kory R. Johnson and Dorian B. McGavern * Tissue macrophages have an embryonic origin and can be replenished in some tissues under steady-state conditions by blood monocytes. However, little is known about the residency and properties of infiltrating monocytes after an inflammatory challenge. The meninges of the central nervous system (CNS) are populated by a dense network of macrophages that act as resident immune sentinels. Here we show that, following lymphocytic choriomeningitis virus infection, resident meningeal macrophages (MMs) acquired viral antigen and interacted directly with infiltrating cytotoxic T lymphocytes, which led to macrophage depletion. Concurrently, the meninges were infiltrated by inflammatory monocytes that engrafted the meningeal niche and remained in situ for months after viral clearance. This engraftment led to interferon-γ-dependent functional changes in the pool of MMs, including loss of bacterial and immunoregulatory sensors. Collectively, these data indicate that peripheral monocytes can engraft the meninges after an inflammatory challenge, imprinting the compartment with long-term defects in immune function.
MMs are infected and activated during viral meningitis. To address the role of MMs in response to an inflammatory challenge, we infected mice with lymphocytic choriomeningitis virus (LCMV). Intracranial injection of LCMV triggers meningeal inflammation characterized by infiltration of virus-specific CD8 + T cells and myelomonocytic cells 24, 25 . This infection model results in edema, brain herniation and death within 6 days 26 . We observed at 4 days following LCMV infection that approximately one-third of MMs were infected by the virus (Fig. 2a ,b) and that antiviral cytokines (interferon-β (IFN-β), IFN-γ and tumor necrosis factor, TNF) were upregulated within the meninges as early as day 2 post-infection ( Fig. 2c ). To determine how MMs responded to this environment, we performed a microarray on sorted MMs from mice infected 4 days previously with LCMV and compared these to MMs from mock-infected mice. In response to infection, the MM transcriptome was markedly changed, with 39 down-and 176 upregulated genes (Supplementary Table 1 ). Upregulation of several different activation markers (MHC class I, CD54, CD36, CD80, CD274, SR-A, CCR5) was also confirmed at the protein level ( Supplementary Fig. 2a,b ). Ingenuity pathway analysis revealed that most of these differentially regulated genes were downstream of the cytokines (IFN-β, IFN-γ, TNF) that were upregulated in the meninges ( Fig. 2c and Supplementary Table 1 ). Consistent with this pattern, the MMs from infected mice showed evidence of interferon-and mitogen-activated protein kinase signaling ( Fig. 2d ) as well as upregulation of genes associated with important immune functions including phagocytosis, endocytosis, antigen-presenting cell activity and antiviral activity ( Fig. 2e ). These data indicate that MMs are highly responsive to a LCMV challenge, can uptake viral antigen and profoundly change their activation status.
MMs are killed during viral meningitis. We next examined the fate of MMs during viral meningitis. Death receptor and apoptosis signaling were among the pathways detected in MMs by microarray analysis at day 4 post-infection, suggesting that these cells were undergoing programmed cell death. Consistent with this hypothesis, the density of CD206 + MMs decreased significantly by day 6 
Il15 Tapbp post-infection ( Fig. 3a and Supplementary Fig. 3a -c). This decrease was not due to CD206 downregulation, as the numbers of MMs identified by TimD4 and Lyve-1 staining were similarly decreased following infection ( Supplementary Fig. 3d,e ). This finding coincided with frequent engagements of Cx3cr1 gfp/+ cells by LCMV-specific cytotoxic lymphocytes as revealed by two-photon microscopy ( Fig. 3b and Supplementary Video 3). We also assessed the extent of MM cell death by injecting mice intravenously at the peak of the disease with propidium iodide-a cell membrane-impermeable DNA dye. This approach, combined with histocytometric analysis, revealed that ~26% of the remaining Cx3cr1 gfp/+ cells at day 6 post-infection were PI + (Fig. 3c,d ) and that dead cells localized predominantly along the central suture of the meninges (Fig. 3e ). These data indicate that many MMs are killed during LCMV meningitis.
Infected MMs are cleared and replaced after meningitis. To understand how the myeloid niche was replaced after meningitis, we used an attenuated recombinant of LCMV that expresses three RNA segments (r3LCMV) 27, 28 . Whereas wild−type (WT) bi-segmented LCMV induced fatal disease in all mice at day 6, infection with r3LCMV resulted in sub-lethal meningitis ( Fig. 4a ). Viral RNA was detected in the meninges at day 6 post-infection, but dropped to background levels at days 15 and 30 post-infection, indicating viral clearance ( Fig. 4b ). In this model, MMs were also killed after the first week of infection ( Supplementary Fig. 4a −c). Interestingly, the MM niche at day 30 was completely replenished and the number and dynamics of these cells were indistinguishable from mock-infected control mice ( Fig. 4c and Supplementary Video 4). As tissue-resident CNS macrophages have a long lifespan 16 , we next addressed whether previously infected MMs would survive until day 30. This analysis was accomplished by conducting a fate-mapping study in which we infected floxed Stop TdTomato reporter (Stop fl/fl TdTomato) mice with r3LCMV-iCre 28 . This system allows permanent fluorescent protein labeling of infected cells and their progeny even after the virus is cleared. Four days following r3LCMV-iCre infection, more than one-third of MMs were infected and became TdTomato-positive ( Fig. 4d-f ). Most of these infected cells disappeared by day 30 post-infection, with only 5% of the MM pool remaining TdTomato-positive ( Fig. 4d-f ). Of note, most CD206 -CD45stromal cells infected at day 6 by r3LCMV-iCre were still present at day 30, indicating that not all infected cell populations in the meninges are cleared in a cytopathic manner ( Fig. 4e ,f).
Analysis of meningeal whole mounts confirmed that most of the TdTomato-positive signal at day 30 (indicative of previously infected cells) was negative for CD206 ( Fig. 4f ). These data demonstrate that, following infection, infected MMs were eliminated and that the meningeal niche was replenished within 1 month.
Viral infection induces long-term engraftment by peripheral monocytes.
Wild-type LCMV and r3LCMV infection promoted robust monocyte recruitment into the meninges at days 4 and 6 ( Supplementary Fig. 4d ,e); however, repopulation of the MM niche following viral clearance could have occurred by local proliferation of myeloid precursors and/or engraftment by peripheral blood monocytes. To distinguish between these two possibilities, we first generated chimeras by irradiating head-shielded C57BL/6 mice and reconstituting with bone marrow from actin-TFP mice 29 . These chimeric mice were then infected with r3LCMV and, 30 days later, we observed increased engraftment of the CD206 + MM compartment by bone marrow-derived TFP + cells in virally infected mice relative to mock (PBS)-infected controls ( Supplementary Fig. 5a,b ). This engraftment occurred without a change in overall MM cell numbers between the two groups ( Supplementary Fig. 5c ). To further confirm the meningeal engraftment of peripheral cells, we conducted a lineage-tracing experiment 3, 30 . Briefly, Cx3cr1 CreER/+ × Stop fl/fl TdTomato mice were pulsed with tamoxifen for 1 week. This treatment efficiently labeled nearly all MMs ( Supplementary  Fig. 5d ,e). Forty days later, mice were inoculated with r3LCMV or PBS ( Fig. 5a ). Approximately 77.8 ± 3.1% (mean ± s.e.m.) of CD206 + MMs were TdTomato-positive in mock-infected mice at day 30, indicating a relatively low turnover of resident myeloid cells over 70 days. By contrast, 48.0 ± 3.8% (mean ± s.e.m.) of CD206 + MMs were TdTomato-negative in day 30 r3LCMV-infected mice ( Fig. 5a , left), suggesting engraftment by peripheral blood monocytes. A similar degree of engraftment was observed at 2 and 6 months postinfection ( Supplementary Fig. 5f ,g). As additional controls for this experiment, we confirmed that nearly all brain-resident microglia were comparably TdTomato-positive in mock-and r3LCMVinfected mice ( Fig. 5a , middle), whereas nearly all blood-derived myeloid cells were TdTomato-negative ( Fig. 5a , right). To determine the anatomical distribution of engrafting TdTomato-negative monocytes after LCMV infection, we performed histocytometry on meningeal whole mounts from day 30 r3LCMV-versus mockinfected mice. We confirmed that TdTomato-negative myeloid cells were more abundant in LCMV-infected mice and were localized throughout the meninges (Fig. 5b, c) , which is consistent with the hypothesis that LCMV induces extravasation of monocytes from meningeal blood vessels that differentiate locally into CD206 + macrophages.
IFN-γ promotes differentiation of engrafting monocytes.
We next assessed the inflammatory profile of the mixed chimeric MM population following resolution of an LCMV infection. Relative to mockinfected controls, we observed that MHC class I expression was elevated on MMs from r3LCMV-infected mice at day 30 ( Fig. 6a,b ). Data are representative of five independent mice. c, Images of meningeal whole mounts (left panels) and corresponding histocytometric plots (middle panels) of meninges from Cx3cr1 gfp/+ mice 6 days following injection of PBS or LCMV. Mice were injected intraperitoneally with propidium iodide 1 h before sacrifice, to localize dead cells. Cx3cr1-GFP + surfaces (green) were gated and plotted on a separate xy axis to quantify the percentage of myeloid cells that were PI + . Percentages of PI + cells are denoted in the black boxes, and the anatomical position of these cells (red) is shown by arrows in the adjacent plots. Scale bar, 1 mm. Data are representative of two independent experiments with two mice per group. d, Magnified images denoted by yellow boxes in c depict PI + (red) and Cx3cr1-GFP+ (green) MMs after LCMV infection. Scale bar, 5 µm. Data are representative of two independent experiments with four mice per group. e, The bar graph shows the percentage of Cx3cr1-GFP + PI + cells in the denoted meningeal regions for PBS-versus LCMV-injected mice at day 6. Graphs show the mean ± s.e.m. for the indicated groups, and asterisks denote statistical significance (*P < 0.05, **P < 0.01, ***P < 0.001, unpaired two-tailed Student's t-test). Data are representative of two independent experiments with four (occipital), eight (parietal and frontal) or 11 (suture) regions per group.
A similar increase was observed in MHC class II expression following infection, which resulted in an increased proportion of MHC class II + MMs in r3LCMV-infected mice ( Fig. 6c,d ). Interestingly, lineage-tracing studies at day 30 post-infection revealed that bloodderived TdTomato-negative myeloid cells accounted for the elevated proportion of MHC class II + cells (Fig. 6e ). This finding led us to investigate the genomic signature of the engrafted MHC class II + meningeal myeloid cells and the mechanism that gave rise to this phenotype following r3LCMV infection. Using the gating strategy shown in Supplementary Fig. 6a , we performed a microarray on sorted MHC class II + MMs from day 30 mock-versus r3LCMVinfected mice and compared the expression profiles to those of MHC class IIcells. In both groups, more than 270 genes were differentially expressed by the two MM populations, and IFN-γ was the main upstream regulator of the MHC class II + MM population regardless of the infection status ( Fig. 6f ,g and Supplementary Table 2 ). Because IFN-γ was produced in the meninges early after LCMV infection, we theorized that this antiviral cytokine might shape the myeloid cell engraftment program. To specifically assess whether IFN-γ signaling on myeloid cells was responsible for this phenotype, we generated LysM Cre/+ × Ifngr1 fl/fl mice, in which these cells are unable to sense IFN-γ. Using adult LysM-GFP mice, we confirmed that this promoter is active in MMs and monocytes, but not in microglia ( Supplementary Fig. 6b −e). In LysM Cre/+ × Ifngr1 fl/fl mice, IFN-γR protein expression was reduced by >50% on MMs and circulating monocytes ( Supplementary Fig. 7a−d) , which did not alter the number or profile of MMs during steady state or following PBS injection ( Supplementary Fig. 8a−c) . However, at day 30 post-r3LCMV infection, it was revealed that the frequency of MHC class II + MMs, as well as the expression of MHC class I on these cells, was reduced in infected LysM Cre/+ × Ifngr1 fl/fl mice relative to WT control mice ( Fig. 6h ,i). This finding was not associated with a reduction in the absolute number of MMs ( Supplementary  Fig. 8d ). These data collectively indicate that IFN-γ is among the cytokines required to differentiate infiltrating monocytes that engraft the depleted MM niche following LCMV infection.
PBS

Infection alters the MM microbial 'sensome' .
Our microarray analyses of sorted MHC class II + versus MHC class II -MMs from mock-and r3LCMV-infected mice at day 30 revealed that LCMV infection triggers differential expression of 74 genes (34 up, 40 down) in MHC class II + cells and 39 genes (13 up, 26 down) in MHC class IIcells (Supplementary Table 3 and Supplementary  Fig. 9a-b ). Interestingly, almost no overlap was observed between the differentially expressed genes induced by LCMV at the peak of viral disease (day 4) ( Supplementary Table 1 ) relative to day 30 (Supplementary Table 3 ), suggesting that the changes observed in MMs at day 30 reflect reprogramming rather than the resolution of an inflammatory process. We therefore became interested in some of the specific MM changes following LCMV infection that might affect the future responsiveness of this compartment. For example, r3LCMV infection promoted a significant long-term reduction in a family of microbial sensors (CD209a,b,c,d,e,f) in both MHC class II + and MHC class II -MMs at day 30 ( Supplementary Table 3 ). This family is closely related to human dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN) 31 . Moreover, CD209b/SIGNR-1 is a C-type lectin receptor involved in recognition of microbial carbohydrates and downstream inflammatory signaling [32] [33] [34] [35] [36] [37] . We therefore analyzed SIGN-R1 expression on CD206 + MMs by flow cytometry at day 30 ( Fig. 7a,b ). In mockinfected mice, ~20% of the MMs expressed SIGN-R1 and this percentage was markedly reduced in mice previously infected with r3LCMV ( Fig. 7a,b ). This observation was confirmed by histocytometry, which revealed a significant reduction in the percentage of SIGN-R1 + MMs within meningeal whole mounts from r3LCMVinfected mice at day 30 ( Fig. 7c,d ). Interestingly, because SIGN-R1 was expressed exclusively by MMs within the meninges and no other cell types, the reduction in expression following r3LCMV infection has the potential to influence microbial sensing ( Fig. 7c ). Moreover, using our lineage-tracing paradigm, we observed after infection that SIGN-R1 was found exclusively on resident TdTom + MMs, not engrafting TdTomcells ( Supplementary Fig. 10a,b ). These data further support our conclusion that engrafting myeloid cells are those that give rise to an overall phenotypic change in the MM niche. To test whether the ability of r3LCMV-infected mice to respond to a microbial challenge at day 30 was reduced, we challenged mice with lipopolysaccharide (LPS) as a surrogate for bacterial infection. Neutrophils were barely detectable in the meninges of r3LCMV memory or control mice (182 ± 46 versus 173 ± 56 neutrophils, respectively) before LPS challenge. After LPS challenge, r3LCMV-infected mice showed a defect in their ability to recruit neutrophils into the meninges (Fig. 7e) . A similar reduction in neutrophil recruitment was observed following administration of a SIGN-R1-blocking antibody to uninfected mice that were subsequently challenged with LPS ( Supplementary Fig. 10c,d ).
Collectively, these data demonstrate that day 30 r3LCMV-infected mice are indeed deficient in their ability to sense and respond to a secondary microbial challenge.
Infection alters anti-inflammatory MM responses.
In addition to microbial sensing, another important component of tissue-resident macrophage function is immune regulation. We observed, based on our microarray analyses, that the gene encoding a subunit of the nicotinic cholinergic receptor (Chnrb4) was downregulated in MHC class II + MMs from r3LCMV-infected mice relative to mockinfected controls at day 30 (Supplementary Table 2 ). This finding was confirmed by Q-PCR, which revealed a specific reduction in Chnrb4 expression within sorted MHC class II + (but not MHC class II -) MMs from day 30 infected mice ( Fig. 8a) . Acetylcholine was previously shown to dampen inflammatory reactions in peripheral macrophages 38 . We therefore tested whether MMs from r3LCMVinfected mice would fail to quench inflammation via acetylcholine. LCMV-NP RNA levels were significantly higher than controls for both viruses at day 6 post-infection, but not at later time points. Mice infected with WT LCMV did not survive past day 6. Graphs show the mean ± s.e.m. for the indicated groups, and asterisks denote statistical significance (NS, not significant; ***P < 0.001; ****P < 0.0001; unpaired two-tailed Student's t-test To deliver acetylcholine to MMs, we developed a novel approach that involved injecting an acetylcholine-containing hydrogel under the mouse scalp. We demonstrated previously that the skull bone is permeable to small molecules 18 , and our hydrogel approach allowed acetylcholine to be delivered transcranially into the meninges.
To establish the effectiveness of this approach, we challenged naive mice with LPS in the presence or absence of acetylcholineloaded hydrogel, and quantified the expression of interferon-stimulated gene 15 (Isg15) in the meninges as a surrogate for the induction of an inflammatory response ( Fig. 8b ). This experiment revealed that pre-incubation with the acetylcholine hydrogel efficiently dampened Isg15 induction ( Fig. 8b ). We also confirmed that sorted MMs respond to LPS in vivo by upregulating Isg15 (Fig. 8c ). MMs were a predominate source of Isg15 expression. Having established this assay, we finally assessed the potential of MMs from mock-versus r3LCMV-infected mice to dampen Isg15 expression in the presence of acetylcholine. MMs from both groups at day 30 responded comparably to LPS challenge by upregulating Isg15 expression ( Fig. 8d) ; however, r3LCMV-infected mice showed a reduced ability to quench this response in the presence of acetylcholine (Fig. 8e) , which is consistent with the decreased expression of acetylcholine receptors in MMs (Fig. 8a) . These data indicate that MMs from previously infected mice have a reduced ability to dampen inflammation due to alterations in cholinergic receptor expression.
Discussion
Tissue-resident macrophages are typically long-lived cells that participate in tissue homeostasis, repair and defense against invading pathogens. Within the CNS, microglia represent the most welldescribed tissue-resident macrophage population. Here, we demonstrate that the dura mater of the meninges is also inhabited by a dense network of highly dynamic resident macrophages. LCMV infection of the meninges triggers a well-described meningitis 26 , resulting in robust innate and adaptive peripheral immune cell invasion that leads to significant depletion of MMs. By developing a model to study recovery from viral meningitis, we discovered that viral clearance coincides with engraftment by inflammatory monocytes that differentiate in an IFN-γ-dependent manner into resident MMs with altered phenotypic and functional properties. This engraftment persists for months and skews the properties of the MM landscape, impeding its ability to detect microbes and respond to immunoregulatory signals such as acetylcholine. These data indicate that viral infection can imprint an important CNS barrier macrophage system with new properties that alter its response to subsequent challenges. Much like barrier surfaces in the intestines, lung, skin and liver 1 , we found that the dura mater, a CNS barrier surface, is inhabited by a dense network of MMs. Under steady state conditions, we observed that MMs express antigen-presenting (MHC class I, MHC class II), adhesion (ICAM-1), scavenging (CD64) and co-stimulatory (CD80) molecules and high levels of CD206-a marker commonly expressed by alternatively activated macrophages 39, 40 and other CNS barrier macrophages 41, 42 . It is probable that meningeal macrophages are maintained in an anti-inflammatory state to help maintain CNS homeostasis and neurological function 43, 44 . Following viral infection of the meninges, we found that MMs were rapidly activated and acquired antigen, triggering engagement by infiltrating cytotoxic lymphocytes. Using a fluorescent protein reporter system to track the fate of LCMV-infected cells and their progeny, we observed that infected MMs disappeared during the inflammatory process associated with viral clearance.
Under steady state conditions, the origin and turnover of tissueresident macrophages varies among tissues 3, 4 . Our study indicates that dural macrophages received monocytic input during steady state (similar to choroid plexus macrophages) 16 , which is probably due to the higher permeability of dural blood vessels relative to most other CNS blood vessels. During inflammation, blood monocytes can invade tissues and their fate (death or engraftment) has only recently begun to be elucidated 45 . Our data demonstrate that peripheral myeloid cell engraftment in the dura mater was enhanced by virus-induced inflammation. Rapid and efficient recruitment of blood monocytes was followed by IFN-γ-dependent differentiation into MHC class II + macrophages and long-term meningeal engraftment. The generation of inflammatory cytokines after viral infection probably favors peripheral immune cell engraftment versus proliferation of residents. A better understanding of the factors that promote local proliferation versus peripheral myeloid cell engraftment may one day give rise to the development of drugs that can influence macrophage repopulation of tissues following inflammation.
Another question raised by the recent discoveries of tissueresident macrophage origins relates to the link between ontogeny and function. During homeostasis, macrophage functions are principally driven by the tissue microenvironment rather than cellular origin [45] [46] [47] [48] . However, acute inflammation promotes recruitment of monocyte-derived macrophages that can either phenocopy the resident macrophage pool or dramatically change the immune properties of the tissue [49] [50] [51] . Knowing the functional properties of engrafting monocytes is crucial when considering how that tissue will respond to future inflammatory challenges. In our study we revealed, following the resolution of meningeal inflammation, that engrafting monocyte-derived macrophages showed differences in genes related to their 'sensome' when compared to the resident macrophage pool. A notable example was the reduction in CD209b (also known as SIGN-R1). SIGN-R1, the mouse homolog of human DC-SIGN, is a C-type lectin receptor that mediates the immune recognition of bacterial motifs (for example, LPS) 31, 36, 37 . Engraftment of the MM pool by monocytes resulted in a sizeable loss in the anatomical distribution of available SIGN-R1 within the dura mater (Fig. 7c ), and we propose that this loss contributed to the reduced recruitment of neutrophils into the meninges following LPS challenge. A defect in macrophage pathogen sensing following meningeal inflammation could render this compartment susceptible to future infections and/or contribute to recurrent meningitis 52 . Our results also provide new insights into the concept of innate memory that is usually associated with epigenetic changes that can result in either enhancement (trained immunity) or impairment (tolerance) 53 . We propose that changes occurring at the population level, such as engraftment by functionally distinct macrophages, could also contribute to innate memory following the resolution of inflammation.
A further functional defect we observed in the engrafting pool of MMs was their reduced ability to dampen an inflammatory signal (ISG15) in response to acetylcholine. Acetylcholine derived from CD4 + T cells or vagal nerves can quench inflammatory reactions in macrophages 54 . The dura mater is innervated by parasympathetic branches of the trigeminal ganglion that produce acetylcholine 9 . We observed that expression of the nicotinic cholinergic receptor was markedly reduced on the MHC class II + subset of engrafting macrophages, which impeded their ability to dampen LPS-induced ISG15 following transcranial administration of acetylcholine. A loss of neuro-immune crosstalk and immunoregulatory functions in the meninges following meningitis could predispose the CNS to subsequent inflammation.
In conclusion, our studies shed light on how a viral infection can imprint the myeloid cell landscape at the brain surface, giving rise to long-term functional changes. Following meningitis, engraftment by peripheral macrophages opens up potential susceptibilities in this dural defense system that render it less able to sense microbes and regulate immunity. The meninges represent the first layer of defense against microbial challenges and serve as a gateway for immune cell traffic into the CNS 9,10 . Thus, the replacement of tissue-resident dural macrophages by inflammatory monocytes has the potential to profoundly influence CNS immunity, homeostasis and neurological function.
Accession codes. The files of the microarray study have been deposited in the NCBI GEO database and are available for download (accession No. GSE108648).
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Any methods, additional references, Nature Research reporting summaries, source data, statements of data availability and associated accession codes are available at https://doi.org/10.1038/ s41590-019-0344-y. Male and female mice in this study were used at 6-8 weeks of age. All mice in this study were handled in accordance with the guidelines set forth by the NIH Animal Care and Use Committee and the recommendations in the AAALAC Guide for the Care and Use of Laboratory Animals. The protocol was approved by the NINDS Animal Care and Use Committee.
Virus.
To induce meningitis and subacute meningitis, adult mice at 6 to 8 weeks of age were infected intracranially with 1 × 10 3 PFU of LCMV Armstrong clone 53b, 1.5 × 10 4 PFU r3LCMV-iCre 28 or 1.5 × 10 4 PFU r3LCMV-TFP 24 . Survival following infection was monitored daily. Stocks were prepared by a single passage on BHK-21 cells, and viral titers were determined by plaque formation on Vero cells.
Generation of r3LCMV.
Virus rescue of r3LCMV-iCre and r3LCMV-TFP was performed as described previously 27 .
Tamoxifen treatment. For induction of Cre recombinase, 6-to 8-week-old Cx3cr1 CreER/+ Stop fl/fl TdTomato mice received daily intraperitoneal injections (for 5 days) of 2 mg tamoxifen (TAM, Sigma-Aldrich) dissolved in 100 μl corn oil (Sigma).
In vivo cell death assay. Mice were injected with 100 μg propidium iodide in water (PI, Invitrogen) intravenously for 1 h. Mice were anesthetized, perfused and meningeal tissue was processed as described below.
Meningeal whole-mount immunohistochemistry. Mice were anesthetized with chloral hydrate and perfused with 5% neutral buffered formalin (NBF) for in vivo cell death assays involving propidium iodide or with PBS for subsequent antibody staining. Skull caps were removed and, following a brief wash in PBS, meninges were incubated at room temperature (23 °C) for 15 min in 1.5 ml of blocking solution containing mouse IgG (0.5 mg ml -1 , Jackson Research) and Fc Block CD16/32 (5 μg ml -1 , BioLegend). The meninges were subsequently stained with primary antibodies at room temperature (23 °C) for 1 h. The following primary antibodies were used: Alexa488 and Alexa647 anti-CD206 (2.5 μg ml -1 ; clone C068C2; BioLegend), APC anti-SIGN-R1 (2.5 μg ml -1 ; clone 22D1; eBioscience), Pacific Blue and Alexa647 anti-I-A b /I-E b (1.25 μg ml -1; clone M5/114.15.2; BioLegend) and Pacific Blue and PE anti-CD31 (1.25 μg ml -1 ; clone 390; BioLegend). All antibodies were placed in 1.5 ml of PBS + 2% fetal bovine serum (staining buffer). Meninges were then washed three times in staining buffer for 30 s and fixed overnight at 4 °C in 5% NBF. The following day the meninges were carefully removed from the skull caps with fine-tipped forceps. The meninges were placed in mounting medium (FluorSave Reagent with or without DAPI; Vectashield) on a glass slide, spread out and flattened with forceps and cover-slipped. Fluorescent images were acquired using an Olympus FV1200 laser scanning confocal microscope equipped with 405, 458, 488, 515, 559 and 635 laser lines, four side-window photomultiplier tubes for simultaneous four-channel acquisition and ×4/0.16, ×10/0.4, ×20/0.75, ×40/0.95 numerical aperture (NA), and chromatic aberration-corrected ×60/1.4 NA objectives. Three-dimensional (3D) tile scans encompassing the entire meninges were collected (z depth = 400 μm, z step size = 20 μm) and analyzed using Imaris 8.1.2 software.
Histocytometry. After collecting tile scans by confocal microscopy, entire meningeal whole mounts or specific anatomical regions within the meninges (for example, lobe, suture) were analyzed by histocytometry. The Surface Creation Wizard in Imaris 8.1.2 software was used to threshold on and identify positively stained cells within the 3D meningeal tile scans. Once identified, a value-based visual surface was generated for all positively stained cells, which enabled quantification of fluorescence intensity as well as the frequency of labeled and unlabeled cells. Channel statistics for TdTomato, propidium iodide or SIGN-R1 signals were obtained for 3D cellular surfaces defined based on CD206 or CX3CR1. These channel statistics were subsequently exported into Excel (Microsoft), and mean voxel fluorescence was plotted in FlowJo software by utilizing the Text to FCS conversion utility (TreeStar, Inc.). Percentages of surfaces either positive or negative for TdTomato, propidium iodide or SIGN-R1 were gated using traditional log-scale-based flow cytometry plots in FlowJo and then graphed on linear xy plots to map their respective positions within the meninges. This approach was also used to quantify the density of labeled and unlabeled cells within the meninges.
Mononuclear cell isolation. Anesthetized mice received an intracardiac perfusion with PBS to remove contaminating erythrocytes. Leukocytes were isolated from the meninges using forceps to gently separate these from the underside of the skull cap (the same method used to prepare meningeal whole mounts above). This was followed by enzymatic digestion in Royal Park Memorial Institute containing 2.5 mg ml -1 collagenase D (Roche) + 0.1 mg ml -1 DNase (Roche) for 30 min at 37 °C with gentle shaking every 10 min. Leukocytes were isolated from the brain as described 55 . Following digestion, supernatants were isolated, washed and finally passed through a 35 μm-pore cell strainer. After this step, meningeal cells were used for staining. Cells from the brain, however, were resuspended in a 90/60/40% discontinuous Percoll (GE Healthcare) gradient in Hanks' buffered salt solution and centrifuged to remove myelin and debris from the preparation. Afterwards, brain leukocytes were then stained comparably to meningeal cells.
Blood processing. Blood samples were collected by retro-orbital bleeding using capillary tubes and placed in EDTA-tubes (Sarstedt). Red blood cells were lysed as described 55 and samples were washed twice with PBS containing 2% fetal bovine serum before antibody staining. Adoptive transfers. Mice were seeded intravenously with 10 5 OFP + P14 CD8 + T cells in PBS purified from the splenocytes of naive transgenic mice using a CD8 negative selection kit (Stem Cell Technologies). The purity after enrichment was determined to be greater than 98%. One day later the mice were challenged intracranially with LCMV Armstrong.
Bone marrow chimeras. Bone marrow was harvested from femurs and tibias of actin-TFP mice, and 10 7 bone marrow cells were injected intravenously into recipient mice following a lethal irradiation dose of 950 RAD. The head was shielded with lead to avoid exposure of the brain and meninges to radiation. Mice received antibiotics in drinking water for 4 weeks following irradiation and were allowed 6 weeks for reconstitution of their hematopoietic system. Two-photon microscopy. Mice were anesthetized, and thinned skull windows were prepared as previously described 55, 56 . Mice were injected with 50 μg Evans blue where indicated to visualize blood vessels. Four-dimensional datasets were acquired using a Leica SP8 two-photon microscope equipped with an 8,000 Hz resonant scanner, a ×25 color-corrected water-dipping objective (1.0 NA), a quad Field-specific reporting Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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Sample size
For all studies, 1-6 animals per experimental group were used and all experiments were repeated at least 2 times. Sample sizes were determined based on previous studies using this LCMV model. 
Blinding
There was no blinding in analysis of the experimental data. Blinding was not possible due to the presence of symptoms in infected mice.
Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. For intracellular staining to detect LCMV, we used anti-mouse LCMV (VL-4; Bio X Cell).
Materials
Validation
All reagents are commercially available and have been validated by the respective companies as well as in previously published studies. We also evaluated all the antibodies used in this study for the degree of non-specific binding (as measured in samples that do not express the epitope) or by using isotype controls for comparison.
Eukaryotic cell lines
Policy information about cell lines
Cell line source(s) BHK-21 and Vero cell lines were originally obtained from American Type Culture Collection center (ATCC, Manassas, VA).
Authentication
The cell lines were purchased from ATCC and we did not authenticate them.
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Mycoplasma contamination
The cell lines were determined to be free of Mycoplasma contamination.
Commonly misidentified lines (See ICLAC register)
None of the misidentified cell lines were used in this study.
Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research Laboratory animals C57BL/6J (B6), B6.129S7-Ifntm1Ts/J (Ifng-/-), B6.129P-Cx3cr1tm1Litt/J (Cx3cr1gfp/gfp), B6.129P2(Cg)-Cx3cr1tm2.1(cre/ ERT2)Litt/WganJ (Cx3cr1CreER/CreER), C57BL/6N-Ifngr1tm1.1Rds/J (Ifngr1fl/fl), B6.129P2-Lyz2tm1(cre)Ifo/J (LysMCre/Cre), B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J (Stopfl/fl TdTomato) were purchased from The Jackson Laboratory. Cx3cr1gfp/ gfp, Ifngr1fl/fl, LysMCre/Cre, Rosa26iDTR, and Stopfl/fl TdTomato were then bred and maintained under specific pathogen free conditions at the National Institute of Health (NIH). B6 DbGP33-41 TCR-tg (P14), actin-TFP1 and actin-OFP1 were also bred and maintained at the NIH. Cx3cr1CreER/+ Stopfl/fl TdTomato, Cx3cr1gfp/+ and OFP+ P14 were derived from the following F1 crosses: Cx3cr1CreER/CreER × Stopfl/fl TdTomato mice, B6 × Cx3cr1gfp/gfp mice and actin-OFP × P14. LysMCre/+ Ifngr1fl/fl mice were obtained in the F2 generation by originally crossing LysMCre/Cre and Ifngr1fl/fl mice. Male and female mice in this study were used at 6-8 weeks of age.
Wild animals
The study did not involve wild animals.
Field-collected samples
The study did not involve samples collected from the field.
Ethics oversight
All mice in this study were handled in accordance with the guidelines set forth by the NIH Animal Care and Use Committee and the recommendations in the AAALAC Guide for the Care and Use of Laboratory Animals. The protocol was approved by the NINDS Animal Care and Use Committee.
Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).
The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
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Methodology
Sample preparation
Anesthetized mice received an intracardiac perfusion with PBS to remove contaminating erythrocytes. Leukocytes were isolated from the meninges using forceps to gently separate them from the underside of skull cap (the same method used to prepare meningeal whole mounts above). This was followed by enzymatic digestion in RPMI containing 2.5 mg/ml collagenase D (Roche) + 0.1 mg/ml DNase (Roche) for 30 min at 37°C with gentle shaking every 10 minutes. Following digestion, supernatants were isolated, washed, and finally passed through a 35-μm pore cell strainer. After this step, meningeal cells were used for staining. Cells from the brain, however, were resuspended in a 90/60/40% discontinuous Percoll (GE Healthcare) gradient in HBSS and centrifuged to remove myelin and debris from the preparation. Afterwards, brain leukocytes were then stained comparably to meningeal cells.
Instrument
Samples were acquired using an LSRII digital flow cytometer (BD).
Software
Data were analyzed using FlowJo software version 9.7.2 (Tree Star).
Cell population abundance Purity was >95% as determined by flow-cytometry, using a fraction of the sorted samples. Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
